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Ad-Dimer Diffusion between Trough and Dimer Row on Si(100)
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The diffusion pathways between the trough and the dimer row on the Si(100) surface are investigated
by tight-binding molecular dynamics calculations using the environment-dependent tight-binding silicon
potential and byab initio calculations using the Car-Parrinello method. The studies discover a new
diffusion pathway consisting of the rotation of the ad-dimer. The calculated energy barrier is in
excellent agreement with experiment and is much more energetically favorable than other diffusion
pathways by parallel and perpendicular ad-dimers. [S0031-9007(98)08071-5]

PACS numbers: 68.35.Fx, 71.15.Fv, 71.15.Mb

Diffusion of Si ad-dimers on the Si(100) surface hasab initio methods. Here we have employed tight-binding
attracted numerous experimental and theoretical investmolecular dynamics calculations to explore the possible
gations [1-6] because it plays an essential role in theliffusion pathways and select plausible candidate path-
homoepitaxial growth of silicon films. Clean Si(100) sur- ways for study by more accurat initio calculations.
faces exhibit a(4 X 2) reconstruction in which the sur- Our studies reveal a new pathway which has a diffusion
face Si atoms form a row of alternating buckled dimersbarrier in excellent agreement with the experimentally es-
along the [010] direction [7,8]. There are four principal timated value.
ad-dimer configurations [1,5] on the Si(100) as shown in The tight-binding calculations are performed using the
Fig. 1. An ad-dimer can sit on top of a dimer row &nd  recently developed environment-dependent silicon tight-
B) or in the trough between two rows (and D), with  binding model. The model was carefully designed so
its axis oriented either parallefi(@ndD) or perpendicular that it describes well the structure and energy of the
(B and C) to the dimer-row direction. All four configu- Si(100) surface, the energies of the four principal ad-
rations have been identified in scanning tunneling midimer configurations on the Si(100), as well as the
croscopy (STM) experiments [9]. Experimental evidencediffusion energy barriers of a single adatom on the Si(100)
and theoretical calculations [3,6] suggest that the diffu{12]. This model describes well the asymmetric dimer
sion of ad-dimers has an anisotropic property: they prefebuckling on the reconstructed surface. The buckling
diffusion along the top of the dimer rows. Recently, how-angles are found to b&8.1°, 19.8°, and 19.9° for the
ever, using the atom tracking method [10], Borovskwal. c¢(4 X 2), p(2 X 2), and2 X 1 reconstructed structures,

found a new mode of diffusion at 450 K [11], where the
ad-dimers diffuse between the trough and the dimer row.
The energy barrier for the ad-dimer to leave the trough t
the top of the dimer row is estimated by the STM experl— | | ’ I
ment to bel.36 = 0.06 eV [11]. The energy barrier for \ /I/ ‘\ i
ad-dimer diffusion between th€ configuration and the I\
B configuration has been studied by Yamaseaikal. [6] r
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careful theoretical study on the subject is highly desirable /" ‘
In this paper, we investigate the diffusion pathways and
energy barriers for Si ad-dimer diffusion from the trough  Dimer Row  Trough Dimer Row
to the top of the dimer row using tight-binding molecular
dynamics andb initio total energy calculations. Because F'G: 1. Schematic drawing of the four principal dimer con-

experiment. Neither experiment nor theoretical calcula-
tions gave the details of the diffusion pathway. In order
to understand the details of diffusion pathway and clarify
the discrepancy between the experiment and the theory,

using first-principles local density approximation (LDA)
total energy calculations. They reported an energy barrler
of 1.80 eV for diffusion fromB to C (or 1.62 eV from
C to B) which is much higher than the value observed in

figurations on Si(100). The black circles represent the Si
the unit cell used in such calculations contains a largey. dimers, the gray circles represent the dimer atoms of the
number of atoms, a comprehensive search for the I0Vi7‘>|(100) substrate, and the open circles represent the subsurface
energy barrier diffusion pathway is very expensive usingatoms.
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respectively, in good agreement with LDA results [13]
of 16.9°, 18.5°, and 18.2°, respectively. The relative 3.0 — T
energies of the four principal ad-dimer configurations
on the Si(100) from our tight-binding calculations are 25
0.0, 0.02, 0.28, and 1.02 eV, respectively, for the
B, C, and D ad-dimer configurations on the Si(100) 20
surface. The energies of these four ad-dimer configu-—
rations have been studied extensively by experiments an
theoretical calculations. In the first-principles calculations~ 1.5
of Brocks and Kelly [5], configuratioB is placed lowest &
in energy, followed byA, C, and D, with relative
energies of 0.0, 0.01, 0.31, and 1.11 eV, respectively ]
However, STM experiments [1,2] suggested that configu- g 5
ration B is higher in energy than configuratiohn by
0.059 = 0.009 eV. Consistent with experiments, recent
first-principles calculations by Yamasagi al. [6] found
that configuratiord is indeed lowest in energy, followed 3.0
by B, C, andD, with relative energies of 0.07, 0.18, and
0.76 eV, respectively. Based on the average residence 25 (b)
time observed by STM, Borovskegt al. estimated that '
the energy difference between the dimer configuratibons Trough Dimer Row
andC is 0.061 eV [11]. While the energy ordering is the 20}
same as the theoretical calculations, the energy difference
from this experiment is smaller than that from theoretical £
calculations by about 0.2 eV. The energy ordering from Z
our tight-binding calculations are in good agreement with g
experiment and thab initio results of Yamasalet al. c
The calculations of the ad-dimer diffusion pathway on
the Si(100) are performed using a 12-layer slab with
16 atoms per layer arranging indax 4 lateral unit cell.
The two Si(100) surfaces are in thg4 X 2) recon-
structed structure. Ad-dimers are placed on both sides of
the slab to maintain inversion symmetry. Periodic bound-
ary conditions are applied for the directions parallel to
the surface. Electronic structures are calculated using the
zone center point. Structural relaxations are performed Trough Dimer Row
using the steepest descent method until the force on each 2.0
atom is less than 0.01 eMA. < 4 5
A straightforward pathway for ad-dimer diffusion from @, 1 g
trough to the top of the dimer row seems to be the direct>
translational motion of the perpendicular ad-dimer from &

1.0
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C to B (path ). We first calculated the energy barrier 2 1.0

along this pathway. We move the ad-dimer along thell

straight line connecting the configuratio6sand B. For 0.5

each step, the positions of all the atoms within a distance = R

of 10.0 A from each atom of the ad-dimer are allowed 0.0 C . . . P . P

to relax. The ad-dimer atoms are also allowed to relax; 0.0 0.2 0.4 0.6 0.8 1.0

the only constraint is that the coordinate of the center o _
of mass of the ad-dimer along the diffusion direction FIG. 2. The total energy variations for (a) the direct transla-

. . . - tional diffusion of a perpendicular ad-dimer (path I), (b) the
is held fixed. The energy as the function of ad-dimergrect transiational diffusion of a parallel ad-dimer, and (c) the

displacement along this pathway obtained by our tightwiffusion consisting of the rotation of the ad-dimer (path Il).

binding calculations is plotted in Fig. 2(a) (solid line). In each figure, solid lines represent the calculations by our
The energy barrier for the diffusion of the ad-dimer from tight-binding model, and dashed lines represent the LDA calcu-
C to B along this pathway is 1.72 eV which is much lations. Energies are compared with respect to the energy of

I than th . tal val £1.36 eV the dimer configuratiom. The abscissa is the position of the
arger than the experimental value or 1.56 ev. center of the ad-dimer from the center line of the trough to the

We have also investigated the energy barrier for theenter line of the dimer row. Numbers over the points in (c)
diffusion of a parallel ad-dimer fromD to A. The indicate geometries in Fig. 3.
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is plotted in Fig. 2(c) (solid line). Our tight-binding cal-
culation gives an energy barrier of 1.37 eV for ad-dimer
diffusion from C to B, in excellent agreement with the ex-
perimental value of 1.36 eV.

In order to verify the results of the tight-binding
calculations, we have also performed LDA calculations
for the energy barriers along the three diffusion pathways
as discussed above. Our calculations using the Car-
Parrinello scheme [14] are performed in the framework
of the density-functional theory within the LDA. Norm-
conserving pseudopotentials by Stumgtf al. [15] are
employed and recast into the fully nonlocal separable
form as suggested by Kleinman and Bylander [16]. The
exchange-correlation potential in the Ceperley-Alder form
[17] as parametrized by Perdew and Zunger [18] is used.
The calculations are performed using the same supercell
as the tight-binding calculations and using only wave
functions from thel” point. The basis set contains plane
waves up to an energy cutoff of 10 Ry. As one can see
from Fig. 2, the results from the LDA calculations are
very similar to those from the tight-binding calculations.
In particular, the LDA calculations give the relative
energies of 0.0, 0.03, 0.24, and 0.91 eV for the four ad-
dimer configurationsA4, B, C, andD), and energy barriers
% of 1.70 and 1.39 eV, respectively, for ad-dimer diffusion

= \v : i , from C to B along the paths | and Ill suggested by the
S-do—O—o¥ S NN tight-binding calculations. The diffusion front' to A
i via D (path Il) would have an energy barrier of at least
1.76 eV. The LDA calculations therefore confirm the
tight-binding calculation results that path Il is the most
likely pathway for ad-dimer diffusion from the trough to
the top of the dimer row.
. . . Figure 3 shows the principal stages along the diffu-
top view side view sion pathway consisting of the rotation of the ad-dimer
FIG. 3. Principal geometries by LDA calculations on the (path II1) obtained from j[he first-principles Calculatio_ns.
diffusion pathway Ill. The black circles represent the Si ad-Stage 1 shows the rotation of one atom of the ad-dimer
dimer, the gray circles represent the dimer atoms of the Si(1oogbout the other atom. The rotating atom also goes
substrate, and the open circles represent the subsurface atordewn closer to the surface. In stage 2, the rotating atom
The numbering of each geometry corresponds to the numbe&jitches bonds from atoms on one side of the trough to
over the points in Fig. 2(c). a subsurface atom on the other side. In stage 3, the bond
between the rotating atom and the surface dimer atom on
constraint used in this calculation is similar to that in thethe other side of the trough is formed. The other atom
calculation of Fig. 2(a). The energy as a function of ad-of the ad-dimer remains almost stationary until stage 4
dimer displacement fab to A along the straight pathway where it begins to move to the top of the dimer row. At
is plotted in Fig. 2(b) (solid line). The diffusion barrier the same time, the ad-dimer pushes the surface dimer out-
from D to A is only 0.88 eV, which is much smaller ward, and the stress between them increases. This ge-
than the experimental value of 1.36 eV. However, sinceometry has the highest energy in this pathway. As the
the energy of thé configuration is 0.74 eV higher than ad-dimer climbs to the top of the dimer row, the total
that of theC configuration, the total energy barrier for energy decreases gradually until stage 5, then decreases
diffusion from C to A via D (path 1l) is at least 1.62 eV abruptly to a configuration very close to the final geome-
which is also much higher than the experimental value. try B. [See the diffusion barrier curves in Fig. 2(c).]

Using tight-binding molecular dynamics as a search en- The diffusion containing rotation is more energetically
gine, we discovered an unusual diffusion pathway confavorable than the translational diffusion of the perpen-
sisting of the rotation of the ad-dimer along the diffusiondicular ad-dimer because a smaller number of broken
pathway (path Ill, see Fig. 3 and the discussion belowponds is involved along path Ill. For example, between
which has a diffusion energy barrier in excellent agreestages 1 and 2 in the rotation pathway, the energy
ment with experiment. The energy along this pathwaycosts of breaking bonds between the rotating atom with
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FIG. 4. An intermediate geometry by LDA calculations on the

diffusion pathway I. This geometry corresponds to the highest
energy point in Fig. 2(a).
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